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altitude),	 temporal	 (year,	 season)	 and	 habitat	 terms	 (woodland,	 scrub,	 grassland).	
Model	selection	showed	that	a	baseline	model	with	geographical	and	temporal	com-
ponents	explained	the	variation	 in	phenologies	better	than	either	a	model	 in	which	





result	 in	 substantially	different	 trends	 for	butterflies.	For	moths,	early	 season	phe-
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1  | INTRODUC TION
There	 is	 clear	 evidence	 that	 global	 warming	 is	 already	 having	 a	
profound	 impact	 on	 plant	 and	 animal	 populations	 (Scheffers	 et	
al.,	 2016),	with	 further	warming	 likely	 to	drive	 significant	 future	
biodiversity	loss	(Urban,	2015;	Warren,	Price,	Forstenhauesler,	&	




capture	 climate	 change	 impacts	 that	 threaten	 ecosystem	 func-
tion	 (Cohen,	Lajeunesse,	&	Rohr,	2018;	Parmesan	&	Yohe,	2003;	
Thackeray	 et	 al.,	 2016,	 2010).	 Changes	 in	 phenology	 have	 pre-
viously	 been	 documented	 for	 birds	 (Franks	 et	 al.,	 2018),	 aphids	
(Bell	et	al.,	2015;	Harrington	et	al.,	2007),	butterflies	and	moths	





It	 has	 been	 suggested	 that	 variation	 in	 the	 phenological	 re-







ulation	 trends	 (Franks	et	al.,	2018).	Whilst	 there	 is	 some	evidence	
of	 population–level	 consequences	 of	 phenological	 change	 from	
specific	studies	(e.g.	Both,	Bouwhuis,	Lessells,	&	Visser,	2006),	our	
ability	to	relate	this	to	large–scale	variation	in	population	trends	is	





for	 geographical	 population	 trends	 of	 insectivorous	 bird	 species	







individuals	 compared	 to	woodlands	 (Altermatt,	 2010;	 Zografou	 et	
al.,	2015).	The	timing	of	caterpillar	emergence	and	growth	also	var-
ies	with	tree	species	(Veen	et	al.,	2010)	and	age	(Visser,	Holleman,	
&	 Gienapp,	 2006),	 potentially	 accounting	 for	 large–scale	 varia-
tion	 in	 caterpillar	 phenology	 in	 deciduous	woodland	 (Smith	 et	 al.,	
2011).	 The	 relationship	 between	 migratory	 bird	 abundance	 and	








However,	 disentangling	 the	 effects	 of	 climate	 change	 and	
warming	 in	 particular,	 on	 spatial	 variation	 in	 phenological	 trends,	
is	nontrivial.	Advancing	phenologies	at	higher	 latitudes	 tend	 to	be	












1971;	 Nylin,	 2013;	 Phillimore,	 Leech,	 Pearce‐Higgins,	 &	 Hadfield,	
2016;	Saino	et	al.,	2017).	Aside	from	latitudinal	effects,	other	geo-









diverse	 species	 and	 large‐scales,	 to	 examine	 the	 extent	 that	 such	
variation	may	be	responsible	for	large–scale	patterns	in	community	
and	population	change.





be	 seasonally‐dependent	 (te	Marvelde,	Webber,	Meijer,	 &	Visser,	
2011).	The	cost	of	temperature	variation	across	seasons	in	insects	
is	 also	well	 known.	 Johnson	 (1969)	 showed	 that	 for	most	 diurnal	
summer	insect	migrants,	the	lower	temperature	flight	threshold	is	
almost	always	met	(≈13–14°C),	providing	these	insects	with	ample	
take‐off	 and	 flight	opportunities	 compared	 to	 spring	 and	 autumn	
flying	 species	 that	 are	 compromised	 by	 unfavourable,	 below‐
threshold,	 weather	 conditions.	 These	 and	 other	 studies	 suggest	
some	merit	in	a	more	nuanced	approach	to	phenological	research,	
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approach	 to	 (a)	 examine	 the	 strength	 and	 shape	 of	 geographical	
(latitude,	 longitude,	 altitude),	 temporal	 (year,	 season)	 and	 habitat	
(woodland,	 scrub,	 grassland	 etc)	 variation	 in	 phenological	 rates	 of	




raphy	or	 habitat	 and	map	heterogeneity	 in	 the	 seasonal	 timing	 of	
biological	 events	 and	 phenological	 trends,	 to	 investigate	 whether	
phenological	 change	 is	 being	 buffered	 (i.e.	moderating	 the	 impact	
of	global	warming	at	specific	locations	or	within	habitat	types	as	a	
function	of	the	landscape	or	habitat	structure	respectively).
2  | MATERIAL S AND METHODS
We	sourced	data	from	four	monitoring	networks	and	matched	spe-
cies–specific	 phenological	 records	 with	 covariates	 that	 included	
year,	latitude,	longitude,	altitude	and	habitat	information.	We	mod-
elled	phenology	as	either	first	dates	or	the	middle	of	seasonal	dis-
tributions,	 utilizing	 the	 standard	metric	 applied	 to	each	 long–term	
dataset	used	in	previous	analyses	(Thackeray	et	al.,	2016,	2010).
2.1 | Rothamsted Insect Survey: Suction‐traps
The	 suction‐traps	 continuously	monitor	 the	 aerial	 density	of	 fly-
ing	aphids,	sampling	at	the	logarithmic	mean	height	of	aphid	flight	
(12.2	m)	providing	daily	records	during	the	main	aphid	flying	sea-









flight	 is	not	confounded	by	clonal	 reproduction	 that	would	make	












30	m	 (Merckx,	 Slade,	 Basset,	 &	 Christie,	 2014;	 Truxa	 &	 Fiedler,	







14,826	 species‐site‐years.	 We	 confined	 our	 analyses	 to	 strictly	




Scottish	 or	 Welsh	 populations	 where	 meteorological	 conditions	
constrained	populations	to	a	shorter	season.	Light	traps	are	situ-
ated	 in	a	range	of	habitats	from	agricultural	 fields	to	urban	habi-
tats:	 the	 habitat	 information	 used	 described	 the	 environment	 in	
which	the	light	trap	was	located.	More	information	may	be	found	
at	https://insectsurvey.com/.
2.3 | The UK Butterfly Monitoring Scheme
“Pollard	walks”	record	the	weekly	activity	of	butterflies	along	a	fixed	
transect,	 typically	2–4	km	 long,	during	a	26‐week	period	between	
1st	 April	 and	 29th	 September	 each	 year.	 Standardized	 counts	 of	
individual	 butterflies	 are	made	within	 a	 5	×	5	m	 box	 (5	m	 in	 front	

















the	day	of	mean	 abundance	based	on	 the	 second	 seasonal	 event.	




2.4 | The Nest Record Scheme (NRS)
Organized	 by	 the	 British	 Trust	 for	 Ornithology	 (BTO),	 the	 Nest	
Record	Scheme	follows	the	breeding	success	of	birds	by	recording	
their	productivity	per	nest	during	a	series	of	dated	visits	throughout	
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the	reproductive	cycle,	producing	a	log	for	each	nest	(Crick,	Baillie,	
&	Leech,	2003).	Although	the	NRS	takes	place	throughout	the	year,	
most	 records	 are	 received	 from	 actively–used	 nests	 in	 May–July.	
For	 this	analysis	we	used	 the	 first	egg	day;	 the	appearance	of	 the	
first	egg	 to	be	 recorded	 in	a	nest	per	 species‐nest‐year.	This	phe-
nological	metric	was	studied	for	30	bird	species	across	11,664	sites	
(1960–2010),	ranging	between	0	m	and	776	m	altitude,	for	a	total	of	
121,573	 species‐site‐years.	 The	 analysis	 includes	 four	 strictly	 sin-
gle–brooded	species	 (i.e.	carrion	crow,	 lapwing,	 long–tailed	 tit	and	
magpie)	 that	 represent	 3%	 of	 records	 in	 the	 dataset;	 the	 remain-
ing	 species	 are	 distributed	 across	 a	 spectrum	of	 double–brooding	
probability,	ranging	from	rare	initiators,	at	least	in	Britain	&	Ireland	
(e.g.	blue	tit,	pied	flycatcher,	chaffinch),	 to	obligate	multi‐brooders	
(e.g.	 swallow,	 stonechat,	 tree	 sparrow).	 The	 habitat	 in	 which	 the	





















coniferous	woody	 perennials	 >5	m	 in	 height).	 These	 classifications	
were	derived	 from	 the	 three	 recording	 schemes	 and	 reflected	 the	
main	habitats	within	20	m	of	the	recorded	observations.	The	habi-
tat	types	used	have	a	good	agreement	with	Land	Cover	Map	2015	
(LCM2015)	 broad	 habitat	 classes	 (CEH,	 2015),	 although	 LCM2015	
tends	 to	 include	 greater	 detail	 (e.g.	 neutral,	 improved,	 calcareous	











terms,	 such	 as	 year	 or	 latitude).	 A	 GAM	 becomes	 a	mixed	model	
and	thus	a	GAMM	when	a	random	effects	structure	is	added	to	the	
model	terms.	Random	effects	are	used	to	explain	variation	associ-
ated	with	 structure	 in	 the	data	 and	often	 correspond	 to	 variation	
due	to	sampling	from	a	larger	population.	We	used	a	single	GAMM	




regression	 splines	with	 knot–based	 approximations	were	 used	 for	




of	 smoothing	were	manipulated	 to	approximately	one	 third	of	 the	
length	of	 the	 series	equivalent	 to	when	 the	k	 index	approximated	
unity	(Fewster,	Buckland,	Siriwardena,	Baillie,	&	Wilson,	2000).	The	
effective	 degrees	 of	 freedom	 varied	 among	monitoring	 networks,	
simply	because	there	were	differences	in	the	numbers	of	sites,	years	
and	 other	 sampling	 factors.	 Spatial	 predictions	 from	 the	 models	
were	 restricted	 to	 avoid	 undue	 extrapolation;	 smooths	were	 con-












elled	 separately	 to	 detect	 underlying	 large–scale	 and	 long–term	
phenological	patterns	(Equation	1).	For	a	high–level	output,	it	was	
important	 to	average	effects	over	species	 to	 the	group	 level,	al-
lowing	us	to	make	broad	comparative	statements	about	the	phe-
nology	 of	 aphids,	 birds,	 butterflies	 and	moths.	 To	 account	 for	 a	
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Using	 the	 baseline	 trend	model	 (Equation	 1),	we	 plotted	 the	
spatial,	 temporal	 and	altitudinal	 effects	 to	 show	how	phenology	
changes	with	 location,	time	and	height	above	sea	 level	when	av-
eraging	over	species	and	season.	Our	focus,	however,	was	on	how	







Here yijkphenologies	 are	 hypothesized	 to	 be	 explained	 by	 an	






















































any	 spatial	 smoothing	 (Equation	 4)	 (Table	 1).	 The	 best	model	 for	
birds,	 moths	 and	 butterflies	 included	 geographical	 and	 habitat–
based	patterns	in	average	seasonal	timing	and	also	among–habitat	




In	 terms	 of	 the	 spatial	 component	 for	 the	 baseline	 model	
(Equation	 1,	 Figure	 1),	 aphids	 showed	 a	 characteristically	 sim-
ple	 latitudinal	 cline	 with	 more	 northerly	 populations	 migrating	










































































Comparison Parameters Aphids Birds Moths Butterflies
Equation	1	vs.	
Equation	2
∆	AIC 176 470 128 288
Pref.	model Equation	1 Equation	1 Equation	1 Equation	1
Equation	1	vs.	
Equation	3
∆	AIC −316 −1 −54
Pref.	model Equation	3 Equation	3 Equation	3
Equation	1	vs.	
Equation	4
∆	AIC 1,254 95.8 814
Pref.	model Equation	1 Equation	1 Equation	1
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in	 explaining	 patterns	 (Figure	 1a).	 The	 effect	 of	 latitude	was	 so	
strong	 that	 longitude	 was	 not	 required	 and	 it	 prevented	 model	
convergence	 during	model	 comparisons.	 Phenological	 responses	
in	birds	and	butterflies	were	similar,	because	 there	was	a	strong	
tendency	 to	have	earlier	 first	egg	days	and	earlier	mean	days	of	
abundance	respectively,	 in	 the	south	 (Figure	1b,c).	However,	un-
like	aphids,	bird	and	butterfly	models	predicted	more	complexity	










and	 200	m	 for	 aphids,	 birds,	 butterflies	 and	 moths	 respectively	
(Figure	2a–d).




For	 first	events	 (i.e.	aphid	 first	 flight,	bird	 first	egg	day)	 long–term	
trends	in	phenologies	that	fell	between	January	and	June	(Figure	4a,c)	



















For	 birds,	 butterflies	 and	 moths,	 AIC	 comparisons	 showed	
that	 the	 quality	 of	 the	 baseline	 trend	models	 could	 be	 improved	
with	 the	 insertion	 of	 habitat	 as	 a	main	 effect	 and	with	 an	 inter-
action	 between	yrismooth	 term	 and	habitat	 h̄i.	 For	 these	models,	
whilst	the	shape	and	the	rate	of	advancement	was	not	necessarily	
equal	between	habitat	types,	the	overall	trend	for	all	habitats	was	
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for	 earlier	 phenologies	 over	 time	 albeit	 at	 different	 rates	 (Figure	
S1a–c).	 For	 birds	 and	 butterflies,	 mean	 phenologies	 recorded	 in	
agricultural	 habitats	 were	 significantly	 later	 than	 for	 most	 or	 all	
other	 contrasted	habitats.	 For	birds,	 inland	bare	 ground	and	ma-
rine	 habitats	were	 the	 only	 habitats	 producing	 later	 phenologies	
compared	to	all	other	contrasted	habitats.	Notably,	all	moth	con-
trasts	between	agricultural	habitats	and	dry	grassland	and	heath,	
human	 and	 woodland	 habitats	 were	 not	 significantly	 different	
(Tables	S1c).	Uniquely,	moths	were	 shown	 to	produce	a	different	
spatial	pattern	that	was	without	a	monotonic	latitudinal	cline	and	
this	 warranted	 further	 investigation	 (Figure	 1d),	 particularly	 in	
light	 of	 the	 more	 rapid	 advancements	 in	 early	 phenologies	 than	
late	 phenologies	 (Figure	 4e,f)	 and	 the	 lack	 of	 significant	 habitat	











events	 fell	 in	a	year	 (January–June	or	July–December)	 influenced	
the	overall	spatial	trend	(Figure	1d).	Dividing	the	data	 in	this	way	
showed	that	January–June	events	occurred	earlier	in	the	south	of	




We	 observed	 a	 highly–consistent	 trend	 towards	 earlier	 phenolo-
gies	 for	UK	bird,	moth	and	butterfly	 species	 across	habitat	 types.	
Though	the	form	of	this	 long–term	trend	varied	among	habitats	to	
some	extent,	there	was	little	evidence	that	phenological	trends	were	





cupying	more	 complex	 habitats	may	 be	 buffered	 against	 negative	
impacts	 of	 phenological	 change.	 Unexpectedly,	 agricultural	 habi-
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butterfly	 flight	 periods	 reflects	 the	 pattern	 of	 solar	 radiation	 that	
becomes	 divided	 between	 a	 warmer,	 wetter	 west	 that	 promotes	
earlier	events	relative	to	the	colder	drier	east	region	that	produces	
later	phenologies	when	averaged	over	species	 (McClatchey,	2014).	
Birds	 show	 a	 slightly	 different	 phenological	 pattern	 in	 Scotland,	
which	may	be	an	artefact	of	the	interaction	between	fewer	biolog-
ical	 data	 across	 taxa	 and	more	 complex	 environments	 in	 Scotland	
that	 together	 reduced	 the	strength	of	any	 large–scale	variation	or	
for	birds,	 the	potential	 interaction	between	 latitude	and	photope-
riod	that	alters	the	relationship	between	temperature	window	and	
nesting	 phenology	 through	 space	 (Phillimore	 et	 al.,	 2016).	 Later	
phenologies	with	progressively	more	northerly	 latitudes	are	in	line	
with	previous	butterfly	 (Hodgson	et	al.,	2011;	Roy	&	Asher,	2003)	
and	bird	 (Burgess	et	 al.,	 2018;	Mainwaring	et	 al.,	 2012;	Phillimore	
et	 al.,	 2016;	 Vaugoyeau	 et	 al.,	 2016)	 studies.	 More	 northerly	 lat-

































 (a)        Early aphid phenology                     




















 (c)          Early bird phenology                      




















  (e)          Early moth phenology                      



















 (g)          Early butterfly phenology                 



















 (b)          Late aphid phenology




















 (d)          Late bird phenology                      




















(f)          Late moth phenology




















 (h)          Late butterfly phenology                 
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an	 inconsistent	 spatial	 effect	 over	 time.	Drawing	 clearer	 latitudi-
nal	clines	out	 from	those	models	using	 the	season	 in	which	moth	





























impacting	 arrival	 and	 nesting	 behaviours.	 The	 specific	 phenologi-
cal	metrics	used	for	all	other	taxonomic	groups	can	be	reasonably	

























Smoother term EDF F p
Aphid	first	flight
Lat,	Lon 3.91 1,172 <0.001
Year 8.76 683 <0.001
Altitude 8.89 98 <0.001
Deviance	explained	by	model	=	59.1%
Bird	first	egg	day
Lat,	Lon 19.04 2,034 <0.001
Year 8.54 9,296 <0.001
Altitude 7.43 489 <0.001
Deviance	explained	by	model	=	61.3%
Moth	median	day	of	flight
Lat,	Lon 8.71 3,845 <0.001
Year 8.68 2,555 <0.001
Altitude 8.80 10,624 <0.001
Deviance	explained	by	model	=	97.7%
Butterfly	mean	day	of	abundance
Lat,	Lon 18.20 1,288 <0.001
Year 9.00 4,130 <0.001
Altitude 8.53 4,852 <0.001
Deviance	explained	by	model	=	89.1%
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of	 butterflies	 is	 driven	 by	 ambient	 temperature	 and	 habitat	 type,	
with	 more	 exposed	 habitats,	 like	 grasslands,	 yielding	 an	 earlier	
emergence	of	individuals	compared	to	more	insulated	habitats,	such	
as	woodlands	 (Altermatt,	2010;	Zografou	et	al.,	2015).	 In	 the	east	
Mediterranean,	 albeit	 with	 limited	 time	 series	 data,	 the	 study	 by	
Zografou	et	al.	(2015)	is	one	of	few	to	find	differences	in	butterfly	
phenology	among	habitat	 types	 (agriculture	 fields,	 grasslands	and	
forests).	In	that	study,	butterflies	were	shown	to	have	later	appear-










Whilst	 overall	 long–term	 trends	 in	 phenologies	 across	 all	 habi-
tats	became	earlier	over	time,	bird	and	butterfly	mean	phenologies	
tended	 to	 be	 significantly	 later	 in	 agricultural	 habitats.	 This	 was	






(2016)	 found	 that	 the	 intensity	 of	 urbanization	was	 not	 correlated	

















ments	 and	yet	 significant	differences	 in	phenology	were	detected.	
Butterflies	sampled	by	the	UKBMS	do	tend	to	have	a	higher	degree	
of	habitat	specialism	than	moths	collected	from	light	traps	which	may	





We	 recognize	 that	 our	 study	 is	 limited	 in	 its	 spatial	 resolution	
(≈50	m),	 potentially	 overlooking	 species‐specific	 interactions	 be-
tween	trophic	levels	that	may	occur	at	the	microhabitat	level.	At	the	
analytical	 scale	 adopted,	we	do	not	 find	 strong	evidence	 for	 hab-
itat	 buffering	 of	 global	 warming	 effects	 upon	 phenology.	 Whilst	
there	are	studies	showing	that	species	are	adapting	to	environmen-
tal	change	using	exploitative	traits	that	emerge	in	response	to	this	
change	 (Roy	&	 Sparks,	 2000;	 Suggitt	 et	 al.,	 2012;	Valtonen	 et	 al.,	
2011)	it	is	likely	that	such	adaptive	behaviour	did	not	fundamentally	











(NERC)	 grant	 NE/J02080X/1	 titled	 'Quantifying	 links	 between	




nership	 between	 the	 BTO	 and	 the	 Joint	 Nature	 Conservation	
Committee	 (JNCC),	 on	 behalf	 of	 the	 country	 agencies	 (Natural	
England,	 Scottish	 National	 Heritage,	 Natural	 Resources	 Wales	
and	Northern	 Ireland's	Department	 of	 Agriculture,	 Environment	
and	 Rural	 Affairs);	 the	 Ringing	 Scheme	 is	 also	 partly	 funded	 by	
the	ringers	themselves.	The	Rothamsted	Insect	Survey,	a	National	
Capability,	is	funded	by	the	Biotechnology	and	Biological	Sciences	
Research	 Council	 under	 the	 Core	 Capability	 Grant	 BBS/E/
C/000J0200.	The	National	Capability	works	in	collaboration	with	
Science	and	Advice	for	Scottish	Agriculture	(SASA),	funded	by	the	
Scottish	 Government,	 to	 provide	 aphid	 data.	 The	 UK	 Butterfly	
Monitoring	 Scheme	 is	 a	 joint	 partnership	 among	 Butterfly	
Conservation,	 the	 Centre	 for	 Ecology	 &	 Hydrology	 (CEH),	 the	
BTO	and	JNCC	(on	behalf	of	the	country	agencies).	We	specifically	
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